A comparative study on diurnal changes in metabolite levels associated with crassulacean acid metabolism (CAM) in the leaves of three CAM species, Ananas comosus (pineapple), a hexose-utilizing species, and Kalanchoë daigremontiana and K. pinnata, two starch-utilizing species, were made. All three CAM species showed a typical feature of CAM with nocturnal malate increase. In the two Kalanchoë species, isocitrate levels were higher than citrate levels; the reverse was the case in pineapple. In the two Kalanchoë species, a small nocturnal citrate increase was found and K. daigremontiana showed a small nocturnal isocitrate increase. Glucose 6-phosphate (G-6-P), fructose 6-phosphate (F-6-P) and glucose 1-phosphate (G-1-P) levels in the three CAM species rose rapidly during the first part of the dark period and decreased during the latter part of the dark period. The levels of the metabolites also decreased during the first 3 h of the light period, then, remained little changed through the rest of the light period. Absolute levels of G-6-P, F-6-P and G-1-P were higher in pineapple than in the two Kalanchoë species. Fructose 1,6-bisphosphate (F-1,6-P 2 ) levels in the three CAM species increased during the dark period, then dramatically decreased during the first 3 h of the light period and remained unchanged through the rest of the light period. The extent of nocturnal F-1,6-P 2 increase was far greater in the two Kalanchoë species than in pineapple. Absolute levels of F-1,6-P 2 were higher in the two Kalanchoë species than in pineapple, especially during dark period. Diurnal changes in oxaloacetate (OAA), pyruvate (Pyr) and phosphoenolpyruvate (PEP) levels in the three CAM species were similar.
Introduction
A central characteristic of crassulacean acid metabolism (CAM) is that it allows massive uptake of atmospheric CO 2 via phosphoenolpyruvate (PEP) carboxylase (PEPC, EC 4.1.1.31), using PEP produced in glycolysis, into organic acid (mainly malic acid) at night in the cytosol of photosynthetic cells. The organic acid formed is then transported into the vacuole, where it is accumulated during the night. During the day, the organic acids are released from the vacuoles. The major organic acid is malic acid, which is usually decarboxylated by malic enzyme (ME) or PEP carboxykinase (PEPCK, EC 4.1.1.49) in the cytoplasm to form CO 2 for photosynthetic assimilation via the Calvin cycle plus either pyruvate (Pyr) or PEP. Then, the Pyr or PEP produced from malic acid is recycled via gluconeogenesis and accumulated as the storage carbohydrate pool (Kenyon et al., 1985; Lü ttge, 1998) .
CAM plants can be divided into two groups, starchformer and extrachloroplastic carbohydrate-former, based on the major carbohydrate reservoir used in their daily cycle. They both use polysaccharides (starch) stored in the chloroplast and soluble hexose stored in the extrachloroplast, respectively, as the precursor for glycolytic PEP formation (Fahrendorf et al., 1987; Christopher and Holtum, 1996) . In some starch-formers, such as K. pinnata and K. daigremontiana, fructose 2,6-bisphosphate (F-2,6-P 2 ) levels and the ratio of pyrophosphate-dependent phosphofructokinase (PPi-PFK, EC 2.7.1.90) activity to fructose 1,6-bisphosphatase activity (FBPase, EC 3.1.3.11) are low (Osmond et al., 1999) . ATP-dependent phosphofructokinase (ATP-PFK, EC 2.7.1.11) activity is higher than that of PPi-PFK, and fructose 6-phosphate (F-6-P) is phosphorylated to fructose 1,6-bisphosphate (F-1,6-P 2 ) by ATP-PFK Black, 1983, 1989) . However, in extrachloroplastic carbohydrate-formers, such as pineapple, F-2,6-P 2 levels and the ratio of PPi-PFK activity to FBPase activity are high (Fahrendorf et al., 1987; Osmond et al., 1999) . PPi-PFK activity is 10-20 times higher than ATP-PFK activity and PPi-PFK could function in the glycolytic direction and substitute for ATP-PFK Black, 1983, 1989; Trípodi and Podestá , 1997) . In starchformers, such as K. pinnata, and K. daigremontiana, malic acid is decarboxylated by malic enzyme (ME) to Pyr and CO 2 . Pyr is phosphorylated to PEP by catalysis of Pyr orthophosphate dikinase (PPDK, EC 2.7.9.1), then is recycled via gluconeogenesis. In extrachloroplastic carbohydrate-formers like pineapple, oxaloacetate (OAA) produced from malate is decarboxylated by PEP carboxykinase (PEPCK, EC 4.1.1.49) to PEP and CO 2 (Holtum and Osmond, 1981; Kondo et al., 1998) . Recently, Chen and Nose found that the tonoplast PPase activity of K. pinnata, and K. daigremontiana was higher than their tonoplast ATPase activity, while the reverse was the case in pineapple (Chen and Nose, 2000) . These results suggest that there are many important differences among the various CAM groups. Therefore, the diurnal changes in metabolite levels associated with CAM may be different among various CAM groups.
The diurnal changes of some metabolite levels associated with CAM have been investigated (Sideris et al., 1948; Vickery, 1952; Milburn et al., 1968; Cockburn and McAulay, 1977; Pierre and Queiroz, 1979; Kenyon et al., 1981) . However, the majority of the studies were performed with Kalanchoë species, which stored carbon as starch in the chloroplast (Christopher and Holtum, 1996) . In addition, these experiments were performed in different laboratories with very different growth conditions for plant materials. The data from these experiments are complex and very difficult to compare.
In some species, there may be oscillations of citric acid in addition to malic acid (Vickery, 1952; Milburn et al., 1968; Ting et al., 1985; Lü ttge, 1988; Winter and Smith, 1996; Borland and Griffiths, 1997) . However, it is unclear whether isocitrate levels change during the day-night CAM cycle in some CAM species. Wolf suggested that isocitrate did not change through the day-night rhythm (Wolf, 1960) and early work suggesting day-night oscillations of isocitrate might be due to analytical problems. Based on former data (Vickery, 1952; Milburn et al., 1968; Wolf, 1960) , Lü ttge also suggested that citric acid accumulated during the dark period in some CAM species and isocitrate did not accumulate (Lü ttge, 1988) . However, in a comparative study of eight species of Sedum, it was found that, during the dark period, malate and isocitrate levels increased (Knopf and Kluge, 1979) and citrate remained unchanged in the leaves of S. telephium and S. praealtum. Nocturnal isocitrate increase was also found in K. daigremontiana and S. telephium leaves (Kenyon et al., 1985) .
In this paper, diurnal changes in the levels of malate, citrate, isocitrate, glucose 6-phosphate (G-6-P), F-6-P, glucose 1-phosphate (G-1-P), F-1,6-P 2 , OAA, PEP, and Pyr were determined in the leaves of three CAM species: pineapple, a hexose-utilizing species, and K. pinnata and K. daigremontiana, two starch-utilizing species. The objective was to investigate the differences in diurnal changes in metabolite levels associated with CAM among various CAM groups.
Materials and methods

Plant materials
Pineapple (Ananas comosus cv. Smooth-cayenne N67-10), K. pinnata and K. daigremontiana were vegetatively propagated and grown in pots in a greenhouse with heating under a natural photoperiod. Fifteen days before the experiments, all plants were transferred to a growth chamber with a photoperiod of 12 h (08.00 h to 20.00 h) light and 12 h (20.00 h to 08.00) dark. Conditions in the growth chamber were 30 8C during the light period at a photon flux density at the mid-plant height of 420-450 mmol m À2 s
À1
, and 20 8C during the dark period, and a relative humidity of 65% during both periods. Fourth to eighth leaf pairs, counting from the apex of K. pinnata and K. daigremontiana and fully expanded, mature leaves of pineapple were used in each experiment. Leaf samples were taken and immediately immersed in liquid nitrogen until extraction.
Extraction and measurement of pyrophosphate (PPi) About 1.5 g frozen pineapple leaves were ground in liquid nitrogen with a pestle and mortar and 5 ml of ice-cold 5% (wuv) trichloroacetic acid (TCA) containing 250 mg polyvinylpolypyrrolidone (PVPP) was added to the powder and gently pulverized. The mixture was allowed to thaw slowly on ice. The resulting suspension was kept on ice for 30 min to allow binding of phenolic compounds on the PVPP, then centrifuged for 10 min at 20 000 g. Four ml of supernatant was added to 35 mg charcoal (activated, washed with HCl) and the mixture was vortexed at least three times for 15 min. The charcoal was precipitated by 10 min centrifugation at 20 000 g. The supernatant was used for the measurement of PPi as described previously (Chen and Nose, 2001 ).
Extraction and measurement of other metabolites About 1.7 g frozen tissue was ground in liquid nitrogen with a pestle and mortar, 6.5 ml of ice-cold 4% (vuv) HClO 4 was added to the powder and gently pulverized. The mixture was allowed to thaw slowly on ice. The resulting suspension was kept on ice for 30 min, then centrifuged for 10 min at 20 000 g. One ml of the supernatant extracted from pineapple leaves was used for measurement of inorganic phosphate (Pi), which was measured spectrophotometrically at 820 nm (Ames, 1966) .
Five ml of supernatant was neutralized at 4 8C with 5 M K 2 CO 3 , and the resulting potassium chlorate removed by 10 min centrifugation at 20 000 g. Fifty mg charcoal (activated, washed with HCl) was added to the supernatant, and after 15 min at 4 8C, removed again by 10 min centrifugation at 20 000 g. The supernatant was used for measurement of metabolites.
Malate was measured in 1 ml reaction mixture containing 50 mM 3-amino-1-propanol-HCl, pH 10, 30 mM glutamateNa-NaOH, pH 10, 2.7 mM NAD, 1 unit glutamateoxaloacetate transaminase (GOT, EC 2.6.1.1), and 10 units malate dehydrogenase (MDH, EC 1.1.1.37) (Mö llering, 1974) .
OAA was measured in 1 ml reaction mixture containing 150 mM 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris)-HCl, pH 7.6, 10 mM ethylenediaminetetraacetic acid (EDTA)-NaOH, pH 7.0, 0.15 mM NADH, and 2.0 units MDH (Wahlefeld, 1974) .
Pyr was measured in 1 ml reaction mixture containing 100 mM Tris-HCl, pH 7.6, 3 mM EDTA-NaOH, pH 7.0, 0.2 mM NADH, and 2 units lactate dehydrogenase (LDH, EC 1.1.1.27). The reaction was started by the addition of the latter. The blank contained the extract and all the reagents given above except LDH, which was replaced by water (Du et al., 1998) .
The assay of PEP followed the procedure of Pistelli et al. with some modifications. PEP was measured in 1 ml mixture containing 100 mM HEPES-KOH, pH 7.6, 10 mM MgSO 4 , 100 mM KCl, 1 mM ADP, 1.5 mM EDTA, 0.2 mM NADH, 14 units LDH, and 2 units Pyr kinase (EC 2.7.1.40). The reaction was started by the addition of the latter. The blank contained the extract and all the reagents given above except the Pyr kinase, which was replaced by water (Pistelli et al., 1987) .
G-6-P, F-6-P and G-1-P content was measured in 1 ml reaction mixture containing 100 mM HEPES adjusted to pH 7.6 with KOH, 0.2 mM NADP, 4 mM MgCl 2 , 1 unit glucose-6-phosphate dehydrogenase (EC 1.1.1.49) for G-6-P, then 1 unit glucosephosphate isomerase (GPI, EC 5.3.1.9) for F-6-P, and finally 1 unit phosphoglucomutase (PGM, EC 5.4.2.2) for G-1-P (Mohanty et al., 1993) .
F-1,6-P 2 was measured in 1 ml reaction of 100 mM HEPES adjusted to pH 7.6 with KOH, 4 mM MgCl 2 , 0.2 mM NADH, 1.7 units glycerol-3-phosphate dehydrogenase (GDH, EC 1.1.1.8), 3.4 units triose-phosphate isomerase (TPI, EC 5.3.1.1) and 0.45 units aldolase (EC 4.1.2.13) (Mohanty et al., 1993) .
Citrate was measured in 1 ml reaction mixture of 100 mM Tris adjusted to pH 7.6 with HCl, 0.2 mM NADH, 7 units LDH, 14 units MDH, and 0.5 units citrate lyase (EC 4.1.3.6) (Delhaize et al., 1993; Dagley, 1974) .
Isocitrate was measured in 1 ml reaction of 100 mM TRIS adjusted to pH 7.6 with HCl, 3.3 mM MnSO 4 , 0.15 mM NADP, and 0.1 unit isocitrate dehydrogenase (EC 1.1.1.42) (Siebert, 1974) .
The recoveries of metabolites were between 90-100% in all cases.
Results
Diurnal changes in the levels of malate, citrate and isocitrate
All the three CAM species showed a typical feature of CAM with malate increase during the dark period and malate decrease during the light period. Malate accumulation during the dark period in pineapple, K. pinnata and K. daigremontiana was of 119, 120 and 92 mmol g À1 FW, respectively. In the two Kalanchoë species, isocitrate levels were high and citrate levels were low, while the reverse was the case in pineapple. In the two Kalanchoë species, nocturnal citrate increase of 8 mmol g À1 FW was found, while in the pineapple, citrate levels remained unchanged through the day-night cycle ( Fig. 1) . As shown in Table 1 , 1 mol malate synthesized via PEPC and MDH only required 0.5 mol hexose, while 1 mol citrate produced via glycolysis, Pyr dehydrogenase complex, and citrate synthase (EC 4.1.3.7) required 1 mol hexose. Therefore, the hexoses used in citrate accumulation in K. pinnata and K. daigremontiana are 11.8% and 14.8%, respectively, of the total hexoses used in malate and citrate accumulation. A nocturnal isocitrate increase of 11 mmol g À1 FW in the leaves of K. daigremontiana was found. Like citrate, 1 mol citrate produced via glycolysis, Pyr dehydrogenase complex, citrate synthase, and aconitase (EC 4.2.3.7) required 1 mol hexose (Table 1) . Thus, the hexoses used in isocitrate accumulation are 16.9% of the total hexoses used in malate, citrate and isocitrate accumulation.
Diurnal changes in the levels of G-6-P, F-6-P, G-1-P and F-1,6-P 2 Figure 2 shows the patterns of diurnal changes in the levels of four kinds of hexose-phosphates (hexose-P) in the leaves of pineapple, K. pinnata and K. daigremontiana. The trends of diurnal changes in the levels of G-6-P, F-6-P and G-1-P in the leaves of the three CAM species were basically similar. G-6-P, F-6-P and G-1-P levels in the leaves of the three CAM species rose rapidly to high levels during the first part of the dark period, and decreased during the latter part of the dark period and during the first 3 h of the light period. Then, G-6-P, F-6-P and G-1-P levels remained little changed throughout the rest of the light period. However, the absolute levels of G-6-P, F-6-P and G-1-P were always higher in pineapple than in the two Kalanchoë species. In the three CAM species, the sequence of the absolute levels of the three kinds of hexose-P was always G-6-P)F-6-P)G-1-P. As shown in Fig. 2 , F-1,6-P 2 levels in the leaves of the three CAM species increased during the dark period, then dramatically decreased to very low levels during the first 3 h of the light period and remained unchanged throughout the rest of the light period. But the extent of F-1,6-P 2 increase was far greater in the two Kalanchoë species than in pineapple during the dark period. In addition, the absolute levels of F-1,6-P 2 were higher in the two Kalanchoë species than in pineapple, especially during the dark period.
Diurnal changes in the levels of OAA, PEP and Pyr OAA levels in the leaves of the three CAM species increased during the dark period, then decreased dramatically to very low levels during the first 3 h of the light period and remained little unchanged throughout the rest of the light period (Fig. 3) . PEP levels in the leaves of the three CAM species increased rapidly during the first 3 h of the light period, then remained little changed in the leaves of the two Kalanchoë species and decreased slightly in the leaves of pineapple throughout the rest of the light period. During the first 3 h of the dark period, PEP levels in the leaves of the three CAM species decreased drastically to very low levels, then remained little changed throughout the rest of the dark period. As shown in Fig. 3 , diurnal changes in Pyr levels in the leaves (Heldt, 1976 ) and the potential cost may be 1 mol ATP mol -1 Pyr transported (Lü ttge, 1988) . Three mol ATP are formed from the oxidation of 1 mol wNADHqH q x in the mitochondria and 2 mol ATP are formed from the oxidation of 1 mol wNADHqH q x in the cytosol in the respiratory chain (Heldt, 1976) . G3P, glyceraldehyde 3-phosphate; DHAP, dihydroxyacetone phosphate; 1,3-PGA, 1,3-bisphosphoglycerate; 3-PGA, 3-phosphoglycerate; 2-PGA, 2-phosphoglycerate; Cyt, cytoplasm; Mit, mitochondria; Vac, vacuole.
StarchqPi $ Hexose-P Hexose-PqATP $ F-1,6-P 2 qADP of the three CAM species were similar. Pyr levels in the leaves of the three CAM species increased during the dark period and decreased during the light period.
Discussion
The present work, like that of previous workers (Vickery, 1952; Milburn et al., 1968; Knopf and Kluge, 1979; Popp et al., 1987; Borland and Griffiths, 1997) indicates that besides malate, citrate also plays an important role in CAM (Lü ttge, 1988) . Although citrate levels in the leaves of pineapple were rather high, they remained constant throughout the day-night cycle ( Fig. 1) . This is inconsistent with the result of Kenyon et al. that citrate levels increased during the dark in the leaves of pineapple grown in a growth chamber with 30u15 8C, 15u9 h dayunight thermoperiod and 70-80% relative humidity (Kenyon, 1985) . In addition, Medina et al. investigated the diurnal changes in citrate levels in two pineapple cultivars, cv. Brecheche and cv. Spanish Red (Medina et al., 1991) . The former is originally cultivated under partial shade in palm swamps, while the latter is cultivated under full sun exposure. Under high light intensity (325-400 mmol m À2 s À1 ), both Brecheche and Spainsh Red had a small and significant nocturnal citrate increase, while under low light intensity (25-50 mmol m À2 s À1 ), only Brecheche had a small and significant nocturnal citrate increase. Therefore, it is suggested that the difference in diurnal changes in citrate levels may be related to the relative requirement of different cultivars for light intensity and light period.
As shown in Fig. 1 , isocitrate levels in the leaves of pineapple and K. pinnata did not fluctuate throughout the day-night rhythm. This is consistent with the results obtained earlier in K. pinnata (Vickery, 1952) and in pineapple (Kenyon et al., 1985) . Isocitrate levels in K. daigremontiana leaves increased during the dark period and decreased during the light, which agrees with the results obtained earlier in S. telephium and K. daigremintiana (Kenyon et al., 1985) and in S. telephium and S. praealtum (Knopf and Kluge, 1979) . These results suggest that nocturnal isocitrate accumulation may occur in some CAM species, at least in some starch-utilizing species. Further study is needed to answer the question whether nocturnal isocitrate increase also occurs in some hexose-utilizing species.
It has been suggested that nocturnal citrate accumulation is more advantageous to balance the energy budget Fig. 2 . Levels of G-6-P, F-6-P, G-1-P, and F-1,6-P 2 in the leaves of pineapple, K. pinnata and K. daigremontiana during the 24 h day-night cycle. The closed and open horizontal bars indicate the dark and light periods, respectively. Values are means of six experiments "SD. F-1,6-P 2 levels estimated from F-6-P levels in pineapple leaves are from Table 4. during the dark period than nocturnal malate accumulation (Lü ttge, 1988; Winter and Smith, 1996) . Nocturnal isocitrate increase may also be energetically more favourable than nocturnal malate accumulation. As shown in Table 1 , a net of 7 mol ATP is gained when 1 mol hexose-P is used for the vacuolar storage of 1 mol isocitric acid, compared with a net loss of 1 mol ATP when 1 mol hexose-P is used for the vacuolar storage of 2 mol malate.
As shown in Table 2 , the net energy requirement for 1 mol malate accumulation in the vacuoles of K. pinnata and K. daigremontiana, which was 0.03 and À0.946 mol ATP, respectively, was less than that of pineapple, which was a net loss of 0.5 mol ATP (Carnal and Black, 1989) . This is consistent with the results that the extent of nocturnal ATP increase was far greater in the Kalanchoë species than in the pineapple (data not shown).
As shown in Fig. 2 , G-6-P, F-6-P and G-1-P levels in the leaves of the three CAM species increased rapidly during the first part of the dark period and decreased during the latter part of the dark period. These results suggest that hexose-P produced in glycolysis may be more than that required for malate accumulation during the first part of the dark period, while the reverse may be the case during the latter part of the dark period. This is consistent with the results that F-2,6-P 2 levels in the leaves of pineapple and Bryophyllum tubiflorum remain relatively stable and high during the first several hours of the dark period and decrease towards the end of the dark period (Fahrendorf et al., 1987) . It is known that F-2,6-P 2 activates PPi-PFK and inhibits cytosolic FBPase (Carnal and Black, 1989; Trípodi and Podestá , 1997) . Rising F-2,6-P 2 levels are believed to be a signal that hexose-P is being produced rapidly (Stitt, 1990) . However, F-1,6-P 2 levels in the two Kalanchoë species always increased during the dark period (Fig. 2) . As shown in Fig. 2 , G-6-P, F-6-P and G-1-P levels were always higher in pineapple leaves than in the two Kalanchoë species leaves. The higher G-6-P, F-6-P and G-1-P levels (when all the three species studied showed very similar levels of CAM activity in terms of malate accumalation) may be related to high F-2,6-P 2 levels in the pineapple leaves (Fahrendorf et al., 1987) . Truesdale et al. found that F-2,6-P 2 played a major role in regulating partitioning between sucrose and starch synthesis during photosynthesis but genetic alterations in F-2,6-P 2 levels had little effect on malate mobilization during CAM fluxes (Truesdale, 1999) . F-2,6-P 2 is synthesized and degraded by two specific enzymes, called fructose 6-phosphate 2-kinase (F-6-P 2-kinase, EC 2.7.1.105) and fructose 2,6-bisphosphatase (F-2,6-P 2 ase, EC 3.1.3.46), and its concentration can be altered by changing the activity of these enzymes (Stitt, 1990 ). F-6-P stimulates F-6-P 2-kinase and inhibits F-2,6-P 2 ase, favouring an increase of F-2,6-P 2 concentration . As described here, it is obviously advantageous for pineapple to have higher F-1,6-P levels.
Dennis and Greyson showed that G-1-P, G-6-P and F-6-P were at equilibrium through the action of GPI and PGM (Dennis and Greyson, 1987) . The equilibrium constant (K eq ) for PGI and PGM are 0.36 to 0.47 and 17.0, respectively (Kubota and Ashihara, 1990) . In Table 3 , the calculated mass-action ratios (MARs) of the two enzymes, except the MARs of GPI in K. daigremontiana, were somewhat lower than K eq , respectively. Especially MARs of PGM were low in K. daigremontiana. Kubota and Ashihara found the MARs for PGI and PGM in suspension-cultured cell of Catharanthus roseus were 0.18 and 9.7, respectively (Kubota and Ashihara, 1990) and were similar to the present results. This suggests that the three hexose-P are near equilibrium at the three CAM species in vivo. MARs of PGI and GPI in the three CAM species showed a diurnal change and higher MARs were observed at midnight and early morning for GPI and PGM, respectively. As shown here, while the first and terminal reactions of the glycolysis and the gluconeogenesis in three CAM species are similar to the results obtained in the non-CAM plants, the diurnal changes of GPI and PGM suggest that there are specific regulations around GPI and PGM in CAM.
Although F-1,6-P 2 levels in pineapple increased during the dark period, the extent of the nocturnal increase was far less than that in the two Kalanchoë species. In addition, the absolute levels of F-1,6-P 2 in pineapple were far less than these in the two Kalanchoë species during the dark period ( Fig. 2; Table 4 ). This may be related to the fact that pineapple leaves have high PPi-PFK activity (Carnal and Black, 1989; Trípodi and Podestá , 1997) . Unlike ATP-PFK, PPi-PFK catalyses a readily reversible reaction, which is close to equilibrium in vivo (Trípodi and Podestá , 1997) . PPi-PFK in pineapple leaves was considered to function in the glycolytic direction, and could substitute for the ATP-PFK (Carnal and Black, 1989; Trípodi and Podestá , 1997) . In addition, the enzyme was also considered to function in the gluconeogenic direction (Fahrendorf et al., 1987) . If so, F-1,6-P 2 levels could be estimated from F-6-P levels according to Pi and PPi levels in the cytosol of pineapple leaves, equilibrium constant (K eq ¼ wF-1,6-P 2 xwPixuwF-6-PxwPPix) for PPi-PFK in pineapple leaves, subcellular compartment of F-6-P and F-1,6-P 2 in the pineapple leaves. K eq for PPi-PFK in pineapple leaves is not known, yet it is known that K eq for PPi-PFK in other plants is 3.3 (Weiner et al., 1987; Stitt, 1990) . To calculate F-1,6-P 2 levels, PPi and Pi levels in pineapple leaves were determined (Table 4 ). Former studies suggested that PPi was located predominantly in the cytosol (Weiner et al., 1987; Takeshige and Tazawa, 1989) . Black et al. found that the cytosol was 3.3% of the cell volume in pineapple leaves (Black et al., 1982) . In addition, they also found that the vacuoles of Sedum telephium contain a transient pool of Pi and one-third of the vacuole Pi moved into the cytosol during the dark period. F-6-P and F-1,6-P 2 in various subcellular compartments of CAM plants are not known. Gerhardt et al. found that hexose-P was almost located in the cytosol of spinach leaves during the dark period . According to the results mentioned above, F-1,6-P 2 levels were estimated from F-6-P levels in pineapple leaves. Here, the assumptions are as follows: (1) K eq for PPi-PFK in pineapple leaves is 3.3; (2) PPi is located predominantly in the cytosol of pineapple leaves; (3) one-third of Pi is in the cytosol of pineapple leaves during the dark period; (4) the cytosol is 3.3% of the cell volume in the leaves of pineapple; and (5) the subcellular compartments of F-6-P and F-1,6-P 2 in the cells of pineapple leaves are similar during the dark, which may be located mainly in the cytosol. As shown in Table 4 , F-1,6-P 2 levels in pineapple leaves estimated from F-6-P levels are similar to the levels determined here. This suggests that PPi-PFK could be involved in cytoplasmic F-6-P and F-1,6-P 2 transformations and PPi, Pi, F-6-P and F-1,6-P levels are close to the dynamics equilibrium in the cytosol of pineapple leaves. This also supports the view that the reaction catalysed by PPi-PFK is close to equilibrium in vivo (Trípodi and Podestá , 1997) .
In addition, the F-1,6-P 2 levels determined here were somewhat higher that those calculated from F-6-P levels (Table 4) ; this suggests that F-1,6-P 2 produced in glycolysis is more than required for malate accumulation during the dark period, and that PPi-PFK activity is Table 2 . ATP requirement for malate, citrate and isocitrate accumulation in the vacuole of K. pinnata and K. daigremontiana during the dark period
The net ATP requirement is 0.5 mol ATP for 1 mol malate accumulation and À7 mol ATP for 1 mol citrate (or isocitrate) accumulation in the vacuoles (Table 1; Carnal and Black, 1989; Lü ttge, 1988 sufficient for the rates of hexose turnover required for malic acid accumulation or that some limitations for using F-1,6-P 2 may have existed in the later parts of glycolysis. As described above, although the levels of F-1,6-P 2 in pineapple leaves were significantly lower than those of two Kalanchoë species, the results in pineapple were almost similar to the levels calculated with related observations. Compared with malate, citrate and isocitrate absolute levels, OAA, Pyr and PEP did not accumulate in large amounts. However, large diurnal variations in OAA, Pyr and PEP concentrations in the leaves of the three CAM species were observed (Fig. 3) . This suggests that the compounds must be involved in metabolic regulation. OAA levels in the three CAM species increased during the dark period and decreased rapidly to very low levels during the first 3 h of the light period and remained little changed throughout the rest of the light period (Fig. 3) . Similar results have been obtained with K. daigremontiana (Kenyon et al., 1981) and Bryophyllum crenatum (Milburn et al., 1968) leaves. Nocturnal OAA increase suggests that PEPC is active and OAA generated by carboxylation is more than the requirement for malate synthesis during the dark period. That OAA generated by malate decarboxylation is less than the OAA requirement for hexose synthesis via gluconeogenesis may also be the cause for the OAA level decrease in pineapple leaves during the light period. As shown in Fig. 3 , PEP declined drastically to very low levels during the first 3 h of the dark period, then remained unchanged through the rest of the dark period, suggesting that PEP is in limited supply at night and may limit PEPC activity. During the light period, both PEP carboxylation decline and conversion of Pyr to PEP via gluconeogenesis may be the cause for PEP increase. PEP is a compound with 1 energy-rich ;P-bond in the molecule. It was found that the levels of ATP in Kalanchoë leaves increased during the dark period (Smith et al., 1982; Pistelli et al., 1987) . Nocturnal ATP increase and PEP decrease may be a regulation of total balance of energy-rich phosphate. During the light period, Pyr level decrease may be due to the conversion of Pyr into starch or soluble hexose via gluconeogenesis. During the dark period, Pyr level increase may be due to the conversion of some PEP into Pyr.
In conclusion, there are many important differences in metabolite levels, especially in major organic acids Table 3 . Mass-action ratios for the reactions catalysed by glucosephosphate isomerase and phosphoglucomutase in the leaves of pineapple, K. pinnata and K. daigremontiana It is assumed that the subcellular compartments of G-1-P, G-6-P and F-6-P in the cells are similar. Mass-action ratios were calculated from the concentrations of G-1-P, G-6-P and F-6-P shown in Fig. 2 . The dark and light period is 20.00 h to 08.00 h and 08.00 h to 20.00 h, respectively. The equilibrium constant (K eq ) for glucosephosphate isomerase and phosphoglucomutase is 0.36-0.47 and 17, respectively (Kubota and Ashihara, 1990 Table 4 . F-1,6-P 2 levels estimated from F-6-P levels in pineapple leaves during the dark period
It is assumed that K eq for PPi-PFK in pineapple leaves is 3.3; PPi is located predominantly in the cytosol of pineapple leaves; one-third of Pi is in the cytosol of pineapple leaves during the dark period; the subcellular compartments of F-6-P and F-1,6-P 2 in the cells of pineapple leaves are similar during the dark and cytosol is 3.3% of the cell volume in pineapple leaves. 43.9 F-1,6-P 2 levels calculated from F-6-P (nmol g À1 FW) 0.7 1.6 6.3 6.3 5.6 F-1,6-P 2 levels (nmol g À1 FW) 2.7 3.1 8.9 10.5 11.0 Estimated F-1,6-P 2 levelsuF-1,6-P 2 levels (%) 2 6 5 2 7 1 6 0 5 1 and hexose-P, associated with CAM among pineapple, a hexose-utilizing species, and K. daigremontiana and K. pinnata, two starch-utilizing species. To understand the metabolic regulation of CAM further, studies on subcellular compartments of metabolites associated with CAM and diurnal changes of metabolite levels in various organelles are necessary.
